A thermomechanically coupled constitutive model for finite strain elasto-plasticity is formulated and numerically implemented. The model gives a physically sound description of an initially austenitic material influenced by martensitic phase transformation. The heat dissipated by plastic slip deformation and by phase transformation is allowed to influence the material behavior and appears as a key influencing factor on the growth of the martensitic phase. The model is calibrated using a common stainless steel as prototype material, allowing numerical simulations of crack propagation to be performed. Alterations of the crack growth behavior are observed as different simulation scenarios are compared.
Introduction
Austenitic steels are prone to microstructural transformation due to the growth of a martensitic phase. The transformation can be induced either by deformation or by changed thermal conditions and is in either case driven by a lowering of the Gibbs energy of the material microstructure. Thermal conditions influence the evolution of the martensitic phase since elevated temperatures restricts transformation while lowered temperature promotes it. During deformation, heat is generated by conversion of internal plastic work and by the phase transformation. This results in an intricate interplay between mechanical and thermal aspects of the material behavior. This is further illustrated in Fig. 1 , where the stress/strain behavior and the corresponding volume fraction of martensite at different temperatures are shown.
The stress state surrounding the tip of a growing or stationary crack is influenced by phase transformation since the expansion of a hard martensitic phase will alter the material strength in the region. Combined with pressure build-up due to the expansion of the new phase, the crack growth conditions are altered. In the present work, a thermomechanically coupled model of martensitic transformation is established. Set in a thermodynamic framework, a finite strain formulation is derived where heat generation due to plastic deformation and phase transformation is allowed to influence the progression of phase transformation. It is clearly seen that a correct description of thermal influence on the progression of phase transformation is a vital model component. Taking common austenitic stainless steel as example material, the influence of martensitic phase transformation on crack behavior is studied.
Material model
The finite strain formulation is based on a multiplicative split of the deformation gradient F into one part belonging to the elastic deformation and one part related to the irreversible deformation due to plastic slip and phase transformation according to F=F e F ir , where superscripts e and ir denote elastic and irreversible deformation components, respectively. Further, an additative split of the irreversible spatial velocity gradient is assumed according to l
, where superscripts p and tr indicate that the components are related to plastic slip deformation and phase transformation, respectively.
Letting z denote the volume fraction of transformed material, a thermodynamical basis for the formulation is obtained by considering the Helmholtz energy function to be a mixture of the two phases on the form ϕ = (1-z)ϕ a + zϕ m where subscripts a and m denote austenite and martensite, respectively. Assuming identical elastic properties and hardening behavior of the two co-existing phases, the Helmholz energy can be written as b is the elastic left Cauchy-Green tensor, θ is the absolute temperature and κ is a parameter related to the hardening of the material. Letting τ τ τ τ denote the Kirchhoff stress tensor, the mechanical dissipation can be written as
where sym(·) is the symmetrical part of a tensorial quantity and a superposed dot indicates a quantity differentiated with respect to time. In Eq. 2, the previously stated split of the spatial velocity gradient into plastic and transformational parts was used. The phase transformation is assumed to be governed by a crystallographically motivated transformation potential function h. This potential function provides the evolution law for l tr and has the format where I 1 , J 2 and J 3 are invariants of the stress tensor and its deviatoric part and where F trans is a transformation threshold function, much like the yield stress in models of plasticity. In Eq. 3, K, b and δ are material parameters. From h, the mechanical and chemical driving forces for the phase transformation can be identified and the material parameters can be calibrated using experimental data for the material under consideration. In contrast to the J 2 yield surface, being circular in deviatoric stress-space, the transformation potential surface is non-circular, reflecting an
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Advances in Fracture and Damage Mechanics IX experimentally observed orientation dependence in the transformation condition. The appearance of the transformation potential surface is shown in Fig. 2 where the function h in Eq. 3 is calibrated against the transformation surface obtained from a crystallographic study. Such a model formulation of phase transformation using a crystallographically motivated transformation surface is further discussed in [2] .
Application to simulation of fracture propagation
The previously outlined model is calibrated against material data regarding a common austenitic stainless steel. This allows numerical simulations of e.g. crack propagation situations. Consider as a simulation example the three-point bending specimen shown in Fig. 3 . Taking advantage of symmetry, actually only one half of the specimen is modeled.
Since the aim of the study is a comparative analysis of crack growth behavior at different temperatures with, and in absence of, martensitic phase transformation, a simple crack growth condition based on a critical fracture stress ahead of the crack tip is employed. The critical stresses are taken as σ f a =1153MPa and σ f m =1430MPa for the austenite and the martensite phase, respectively according to [3] . As an approximation, the homogenized critical fracture stress σ f for the dual phase material is taken as a linear combination of the values for the respective phases, giving Fig. 4 shows the tool force F versus the vertical displacement of the tool at two different temperatures. At 213K, cf. Fig. 4a , microstructural transformation of austenite into martensite occurs in the vicinity of the crack, giving a delayed fracture process as compared to the situation without phase transformation. In contrast at 313K, cf. Fig. 4b , only minor amounts of martensite are allowed to form due to the thermal conditions and the influence of martensite on crack growth behavior is negligible. At the lower temperature of 213K, martensite forms near the crack tip and stabilizes the region, postponing crack propagation. This stabilization is absent at the higher temperature of 213K. Note, however, the increase in ductility obtained as the temperature is raised from 213K to 313K by comparing Figs. 2a and 2b. Where the specimen is almost completely fractured at 213K, a substantial load-bearing capacity remains at 313K.
Summary
A thermomechanically coupled constitutive model of finite strain elasto-plasticity, including martensitic phase transformation, is established. The model is numerically implemented and calibrated using an austenitic stainless steel as prototype material. Simulations of crack propagation in a three-point bending specimen illustrate the influence of martensite formation on crack growth behavior. In accordance with experimental findings, simulations show that the fracture resistance in the vicinity of the crack tip is changed as martensite is formed, resulting in delayed crack propagation. 
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